Abstract-Thethermal degradation process during frying contributes to the formation of polar compounds in theoil, which in turn changes the oil quality. A capacitive sensing system utilizing interdigitated electrode design was built to assess the frying oil degradation during heating by measuring the changes on its total polar compounds (TPC). In total of 60 samples of tOO ml palm oil were heated at 180· C up to 30 hours using a laboratory oven. For each one hour increment, one sample was taken out of the oven and cooled at room temperature before analysis. The TPC of each heated sample was measured using the custom-built capacitive sensing system and using a commercialized frying oil tester, Testo 270 (InstruMartlnc, Germany). A two tailed independent sample t-test was carried out to test the agreement between both methods. The results
INTRODUCTION
Deep frying is a common way of preparing fast food. It is a process that food is submerged into hot oil or fat at a high temperature of 150°C to 190°C. There are many reactions occurred during deep frying, in the presence of air and moisture such as hydrolysis, polymerization, and thermal oxidation r1l, r2l These reactions produce considerable number of undesirable compounds like aldehydes, ketones, and trans fatty acids which also contributes to the formation of polar materials in the frying oil r31, r4l Improper techniques to determine the time to discard the oil will result in over using the oil, which poses a public health risk [5] , [6] .
Many parameters can be used either through simple or sophisticated techniques to evaluate the degradation of frying oil. These parameters include viscosity, odor, smoke point, color changes, foam persistence, taste, free fatty acids (FF A), peroxide value (PV), iodine values (IV), and total polar compound (TPC) [7] , [8] . Presently, TPC is considered the [9] , [10] . It is recommended that the TPC must be less than 25% otherwise; the oil needs to be discarded, as it has been established by regulatory agencies in Europe and some other countries [11] .
More recently, there are several instruments and kits that can be used to determine oil degradation. For instance, Testo 270 (InstruMartlnc, Germany), CapSens5000 (C-Cit Ag, Switzerland), FOM 300 (Ebro ® Elecrtonics, Germany), and TPM Veri-Fry (Libra Technologies Inc, USA) were developed by electronic companies to measure the quality of frying oil by testing the total polar materials (TPM) based on changes in the dielectric constant of the oil. However, these devices have some limitations like complex calibration requirement, limited suitability for different type of oil, and wide range of sensitivity and accuracy[ I 0].
Currently, interdigitated electrodes (IDEs) were utilized in several sensing devices including MEMS biosensors, chemical sensors, and surface acoustic wave [12] , [13] . Moreover, IDEs have been implemented in cancer cell detection as well as other biology-related applications [14] [17]. Consequently, IDE could be used in solving complex calibration requirements and enhancing the accuracy of sensory sensitivity. As well, the IDE configuration has some advantages like flexibility in design, ease of fabrication, cost effectiveness, and the sensor structure does not changeunder expansion, pressure, or contraction [18] . In this study, a capacitive sensor based on IDE designwas developed to assess frying oil degradation. The correlation between the measurements made using the custom-built sensing system and a commercialized frying oil tester was studied.
II.

SENSOR SYSTEM
A. Interdigitated Electrode Design
The IDE was designed as illustrated in Fig. I (SiOz), and polished alumina (AI203). The gold was applied as the layer of metal for IDEs since it has very low resistance. While, the titanium was used as an adhesion layer to adhere old layer to alumina substrate. In the fabrication of the electrode, the photolithography process was performed to create patterns for the gold and insulation layers on the alumina substrate. Si02 was used as insulating layer between IDEs and gold bonding pads and AIz03 was used as rigid substrate as illustrated in Fig. I (b).
The variables of the IDE design were the number of the electrodes, N; electrode space, s; width of the electrode, w; and the length of the electrode, L; with dimensions of 41, 60 !lm, 1 00 !lm, and S mm, respectively. Every other electrode finger was linked electrically together through a common electrode arm. In addition, the length and width of the substrate were 1l.50 x IS.50 mm, insulation layer of 1l.20 x 4.95 mm, and bonding pad size of 2 x 2 mm. These dimensions have been experimented to fit the maximum fabrication capability, to carry through the requirements for detecting the changes in the frying oil quality.
The working principle of this sensor is that once the oil oxidatively and thermally breaks down during the frying, there will be an increase in the number of polar molecules, which directly changes the capacitance. While an electric field is applied across the faces of IDEs, the dipole and molecular charges in the frying oil are forced out from their equilibrium locations, and those dipole charges lay up through the electrodes. Therefore, as long as the frying oil yields polar molecules through different reactions during frying the more charges will lay up in the electrodes.
B. Sample Preparation
Fresh oil was purchased from a local market in Serdang, Selangor, Malaysia. The oil was divided into two sets, where each set contained 30 samples, and each sample contained 100 ml. One set was used as the experimental group to develop regression equation relating the oil capacitance with TPC. The other set was used for validation. All samples were heated in a laboratory oven at the temperature of ISOaC. The heated time of the samples ranges from 1 to 30 hours, where one sample was taken out from the oven at every hour. After heating, all samples were kept in amber glass bottles at 40° C for further analyses. The capacitance of oil samples was measured using the custom built capacitive IDE sensor. The sensor was connected to a LCR meter (42638, Agilent Technologies, Japan) with Kelvin clip leads (160S9E, Agilent, Japan) as illustrated in Fig 2. The measurements were carried out at the frequency of 100 KHz within the capability of the LCR meter. Then, the TPC of each oil sample was measured using a frying oil tester (Testo 270, InstruMartlnc, Germany). Using the TPC and the capacitance measurements, the regression equation was determined to see the correlation between measurements from both methods. System   Fig 3, shows the complete system block diagram for evaluating the degradation of frying oil, including the capacitive IDE sensor module and a controller module. The sensor module consists of an array of the capacitive IDE sensor and a 555 timer. The 555 timer was used as an analog timer circuit to generate frequency which is inversely proportional to the capacitance of oil samples measured by the IDE sensor. Then, the 555 timer was interfaced to a microcontroller through port C pinO (RCO/Timer!) (FiR. 4), where RCO acts as clock input to count the pulses of frequency within a given period using:
D. Portable Sensing
where R 1 and R2 are fixed resistances with values of 62 kO and 1 MO, respectively; C is the capacitance measured from frying oil using the capacitive IDE sensor and f is the frequency.
The controller module contains a microcontroller, voltage regulator, LCD display, and LED indicators. The microcontroller used in this system is PIC 16FS77 A, which acts as a processor to process the data read by the IDE sensor and displays the result on LCD display.PIC 16FS77 A has many function modules, hence selecting it as the controller can make the circuit design relatively concise, reliable, and reduce the power consumption of the whole system D9H21l The assessment of frying oil is then displayed on the LCD using the first 5 pins of PORT A. 
Fig.3. Block diagram of the capacitivesensing system
The system is working as shown in the flowchart Fig. 5 . The capacitive IDE sensor was immersed into the frying oil sample, and then the 555 timer covert the capacitance measured to frequency. Then the micro controller captured and read the frequency input and calculates the TPC based on equation regression developed. The results of TPC are then displayed as percentage on the LCD display. At the same time, when the TPC less than 25% the green LED will tum on, and when the TPC more than or equal 25% the red LED will turnon. A two-tailed sample t-test assuming equal variances was performed to test the hypothesis that the resulting mean of TPC measured by custom-built sensing system and Testo 270 were equal.
The hypotheses for this test are Ho: /!I= /!2versus HI: /!11= /!20r, in words, the following: Null hypothesis (Ra): There is no significant difference between TPC measured by custom-built sensing system and the TPC measured by Testo 270.
Alternative hypothesis (HI): There is significant difference between TPC measured by custom-built sensing system and the TPC measured by Testo 270 i.e both are different. The root mean square error (RMSE) was performed to evaluate the relationship between TPC predicted using custom built sensing systemand TPC measured using Test0270 by:
where N is the number of samples in the dataset, Yt is the predicted TPC using experimental group and Ye is the TPC measurement obtained from validation dataset.
III. RESULTS AND DISCUSSION
The TPC measurements data was analyzed to evaluate the deterioration of frying oil quality. Overall, the TPC of frying oil increased as the heating time increased as shown in Fig 6. The TPC values were increased from around 7.0% to 25% with increasing heating time from 0 to 30 hours. This finding is in agreement with the findings of r22H241 which showed that as the quantity of the polar materials in the oil increased, the dipole density and electric susceptibility also increased. For this reason, the TPC values of the frying oil samples increased. Fif!.. 7, illustrates the TPC measurements by Testo 270 regressed on the capacitance measurements at different heating times. Based on the graph, it can be seen that the TPC measurements have significant positive correlation with capacitance. The regression equation was found to be:
(3) Fig. 8 , shows the TPC measurements measured by the custom-built sensing system regressed on the TPC measurements measured by Testo 270 at different heating times. Based on the graph, it can be seen that the TPC measured by the custom-built sensing system have significant positive correlation with TPC measured by Testo 270. Also, the coefficient of determination R2 was found to be 0.89 when linear model was used and the RMSE was found to be l.39%. From the t-test table (Table 1) shown below, the p value of the independent sample test was greater than 0.05 significant level (p=0.983). Thus, the null hypothesis is hereby accepted. Therefore, it can be said that there is no significant difference between the mean values of TPC measured by the custom built sensing system and the TPC measured by Testo 270. Hence, it can be concluded that the capacitive IDE sensor can adequately measure the TPC of frying oil efficiently. 
IV. CONCLUSION
In this paper, a custom-built capacitive sensing system using IDE design for degradation assessment of fryin � oil during heating is presented. This study found that, the desIgned capacitive IDE sensor has good potential for a simple and inexpensive way of monitoring frying oil degrada � ion : The changes of capacitance measurements have sIgmficant correlation with the changes of TPC during the heating process in frying oil. In addition, the R 2 between TPC measured by a commercialized Testo 270 with TPC measured by the custom-built IDE sensor was found to be 0.89 with RMSE of 1.39%. From this result, the custom-built capacitive sensing system is auspicious to be experimented in the real applications. Also improvement can be implemented in future to minimize the size of this circuit.
